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NOMENCLATURE 
H enthalpy 
M molecular weight 
N number density 
F p res su re  
R gas constant , radius 
T temperature 
U velocity 
h enthalpy, height 
m mass  
U velocity 
Subscripts 
1 initial driven tube 
2 behind incident shock, behind bow shock-flight conditions 
3 behind standing normal  shock 
4 behind reflected shock 
f flight conditions 
i i - specie 
0 initial, standard conditions, a i r  
6 shock stagnation 
T total 
00- free s t r eam condition 
>: of 28.966 g 
X 
FORWARD 
This p a r t  of the Final Report, JPL 950297, which appears  in the 
form of an  Appendix presents  auxiliary information which was generated 
for use in the design of the experiment and in the interpretat ion of the 
experimental  r e su l t s  obtained during the study of hypervelocity heat 
t r a n s f e r  in planetary atmospheres.  
xi 
A. 1 THERMODYNAMIC PROPERTIES AND SHOCK TUBE FLOW 
PARAMETERS 
A. 1.1 Introduction 
One of the tools requi red  f o r  aerothermodynamic studies in  a shock 
tube is a complete set of thermochemical equilibrium calculations for  gas 
mixture  to be studied. Such calculations have been previously repor ted  (1) 
for  gas  mixtures  257'0 C02 -7470 N2 -170 A and 9% C 0 2  -90% N 2-17'~ A. 
s ince the p re sen t  study cal led for  enthalpy simulation equivalent to  flight 
However 
velocity in  excess of 40,000 f t /sec, these calculations w e r e  extended up to 
t empera tu res  of 17,000 K and presented in Ref. 2. The purpose of the 
0 
p r e s e n t  r epor t  is to p re sen t  various gas  dynamic proper t ies  associated with 
travell ing and s ta t ionary shock fronts i n  a shock tube as shown in Fig.  A. 1.1 
for  th ree  gas  mixtures  370 C 0 2  -97% N 2 ,  9% C02  -90% N2 -1% A and 25% C02 - 
74% N -1% A using state propert ies  given in  Ref. 2. F o r  convenience of 
subsequent computations ,the tabulated values of the equilibrium thermodynamic 
p rope r t i e s  were  plotted in  a form giving non-dimensional enthalpy hMO 
RT- 
U RT 
= 18.73 ca l /g  as a function of p r e s s u r e ,  P, in  a tmospheres .  
0 
where  
- 
Included in these plots a r e  l ines of constant tempera ture ,  T ,  in 
constant  density ra t io ,  c / p o J w h e r e  c o  = 1.293 x 10 g / cm . In Fig8.A. 1.2, 
K and 
-3 3 
A. 1 .4  and A. 1.6 the keys to the thermodynamic char t s  a r e  shown. The 
equi l ibr ium thermodynamic propert ies  of the three  gas  mixtures  considered 
h e r e  appear  as follows: 
1 
(A) 3y0 GO2 -9770 N2 Fig. A. 1. 3 
(B) 9% C02 -90% N2 -1% A Fig. A. 1.5 
(C) 2570 C 0 2  -7470 N2 -1% A Fig. A. 1.7 
The solution of the Rankine -Hugoniot shock relations was performed I 
employing semi-graphical methods. 
T, and density, P , are non-dimensionalized by the appropriate quantities 
The resultant p r e s s u r e ,  P, tempera ture ,  
corresponding to the initial condition in the shock tube and plotted as a function I 
of shock velocity, Us. The enthalpy, h, was non-dimensionalized by 
0 -- -18.74 cal /g ,  where R = l .  98726 cal  / mol K is the universal  gas constant RTO 
Mo 
T0=273. 15OK and M0=28. 966 g is molecular  m a s s  of 1 mole of air. All cal- 
I 
I culations were made  for four initial driven-tube p r e s s u r e s  of P1 =O. 1, 1, 5 and 
25 m m  of Hg. The initial driven-tube tempera ture ,  T1 , w a s  taken to be 294 K. 
The range of shock velocit ies,  Us, between 10,000 ft/sec and 40,000 f t / s e c  
0 
was covered. 
A. 1.2 Incident Shock 
An incident shock wave moving down the shock tube into a quiescent 1 
1 gas is shown in the following sketch. 
NCIENT SHOCK WAVE 
" 2  I U l  =o 
SKETCH A 
2 
I 
I 
D 
I 
t 
b 
I 
t 
1 
I 
8 
R 
1 
I 
I 
I 
1 
I 
P 
The state of the gas on both sides of a normal shock is related by 
three basic equations corresponding to the physical  pr inciples  of the con- 
serva t ion  of mass , momentum and energy. These  are: 
p l  
p 2  -4 u 2 = u s  (1  - 
P l  
2 1  p 2  -4 P -P = p l u s 2  ( 1  - 
2 -hl = 1 / 2  usz [l -(+)”], 
h = enthalpy 
P = p r e s s u r e  
U,  u = velocity 
P .  = density 
Subscr ip ts  1 and 2 refer to regions ahead and behind the incident shock 
respect ively as shown i n  Sketch A. The simultaneous solution of these 
equations together with the help of the equilibrium state charts produces 
r e s u l t s  which are plotted i n  Figures  A. 1.8 , A. 1.11 , A. 1.14, A, 1.17 and 
A. 1.20 for  the 3% C 0 2  mixture ,  Figures  A. 1.21 , A. 1.24, A. 1.27, A. 1.30 
and A. 1. 33 for  the 9% C 0 2  mixture and in  F igures  A. 1.34 , A. 1. 37 , A. 1.40, 
A. 1 .43 and A. 1.46 for  the 25% CO 2 mixture .  
A. 1.3 Stationary Normal  Shock (Laboratory Coordinates) 
After the pass ing  of the incident shock,a blunt model  placed i n  the 
shock tube finds itself in  a supersonic quasi-steady flow with the proper t ies  
3 
of region 2 ahead of the model bow shock wave (Sketch B). 
90 
INCIDENT SHOCK WAVE 
SKETCH B 
The flow close to  the axis of symmet ry  is decelerated to subsonic velocity. 
The s ta te  of the gas along the stagnation s t reaml ine  on both s ides  of the bow 
shock is governed by the same three conservation laws. 
P p 2 = p 3  u3 
P -P = p  u ( l - - )  p 2  
p 3  
3 2 2 2  
where subscript  3 r e f e r s  to the region behind the bow shock. The calculations I 
1 
I 
I 
produced the resul ts  which are presented i n  F igures  A. 1 .9 ,  A. 1. 12, A. 1.15 
and A. 1.18 for the 370 CO 
A. 1. 31 for the 9% C 0 2  mixture and in F igures  A. 1.35, A. 1.38, A. 1.41 
and A. 1.44 for the 2570 C 0 2  mixture.  
gas  mixture ,  F igu res  A. 1.22, A. 1.25 and A .  1.28 
2 
4 
A. 1.4 Stagnation Region 
The flow along the stagnation s t reamline in region 3 is decelerated to 
a stop at the body. The stagnation conditions a r e  found as follows: The 
enthalpy is given directly by hs = h 
computed approximately by assuming incompressible flow P 
2 t 1 / 2  u . The stagnation p r e s s u r e  is 
2 
= P3 t 1 / 2  p 3 u 3  . S 
Both the stagnation temperature  and the corresponding density are read  off 
directly f rom the thermodynamic-state char t s  and plotted in Figures  A. 1. 10, 
A. 1.13, A. 1.16 and A. 1.19 for  370 CO 
A. 1 . 2 9  and A. 1.32 for the 9% C 0 2  gas  and in Figures  A. 1.36, A. 1. 39 
mixture ,  in Figures  A. 1.23, A. 1.26, 
A. 1.42 and A. 1.45 for the 2570 CO gas mixture.  
A. 1. 5 Gas Composition Behind Incident Shock 
~ ~ ~ ~~~~~~ 
Using the equilibrium temperature and density obtained in Section 
A. 1.1 the composition of the gas was calculated for  the initial shock tube 
p r e s s u r e  of 1 mm as a function of shock velocity. The resul ts  for  9% C 0 2  
and 2570 CO gas mixtures  a r e  shown in Figures  A. 1.47 and A. 1.48 r e -  
spe ctively. 
A. 1. 6 Composition of Stagnation Region Gas 
The equilibrium concentration of the various species appearing in 
the dissociated and ionized g a s  when heated to the enthalpy level corresponding 
to the stagnation point had a l so  been obtained and plotted as  a function of 
shock velocity. The resul ts  for  the 9% C02 and 2570 CO 2 gas mixtures  a t  
shock tube initial p r e s s u r e  P =l .  0 m m  a r e  shown in  Figures  A .  1.49 and 1 
5 
A. 1.50 respectively. 
7470 N2 -1% A at init ial  shock tube p r e s s u r e  of 5 m m  Hg were  reported in 
Reference 3. 
A. 1. 7 Simulation of Flight Conditions 
Compositions for  9% CO -90% N 2  -1% A and 25yo CO 2-  
The thermal  propert ies  of flow behind the incident shock wave correspond 
directly to the properties of the gas  behind a no rma l  shock wave ahead of a 
blunt body for flight velocity equal to the shock velocity and the ambient 
p r e s s u r e  and temperature equal to the state of the gas  in region 1 (see 
Figure A. 1.1). 
The simulation of the stagnation conditions in flight is achieved at 
the stagnation point of a blunt model in a shock tube flow providing the gas  
proper t ies  are duplicated. The first relation to be satisfied is that the en-  
thalpies in both situations to be equal to each other 
2 u z f  h t u 2  
hoO+-Z-.= 2 '7 
It can be shown that 
2 
and therefore  it can be omitted. 
functions of U2 and a r e  a lmost  independent of P F o r  instance we 
can see  this in  Figures A. 1.30 and A. 1.33. Thus,  i t  is possible to develop 
a simple relation between Us and Uf corresponding to equal stagnation 
enthalpies f o r  flight and shock-tube cases. 
It is found that both h and u are s t rong 
and T1 . 1 
This  relation is shown in F igure  
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A. 1. 51. 
In addition a second property must  be matched. This can be chosen 
as the stagnation pressure .  
PW , in flight there  will be a corresponding P 
In that case for a given f ree-s t ream p r e s s u r e ,  
in the shock tube to give 1 
equal stagnation p res su res  
P = P  s ,  f s ,  st 
where the flight case  stagnation p res su re  is given by 
3 3 
L. 
2 P m t  p ,  UfL = P 2  t p 2  u 
Here again it can be shown that in mos t  pract ical  situations 
In addition we assumed 
2 
p2 t p 2  u2  =: Ps , f  
which resu l t s  in an approximation 
2 
ps,lc P m U f  
We can  see  in a case  of 9% CO gas mixture ,  Figure A. 1.23, that the model 2 
stagnation p r e s s u r e ,  P , in a shock tube is a function of both the initial 
shock tube p r e s s u r e ,  P , and shock velocity, U s .  This is reflected in the 
relation between flight ambient condition and shock-tube initial condition a s  
shown in Fig. A. 1.52. 
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A. 2 SHOCK T U B E  FLOW PROPERTIES 
A. 2.1 Resul ts  
The chemical equilibrium proper t ies  and specie particle density 
associated with the incident, standing and reflected no rma l  shock waves in  a 
shock tube flow were calculated using the JPL Normal  Shock and Chemical 
Equilibrium Program ( 3 )  fo r  the following init ial  gas  mixtures  
The data have been supplied by Mr.  F r e d  Wolf of Jet Propulsion Laboratory.  
The program uses in  the solution of the mass  action equations molar  f ree  
energy and molar  enthalpy calculated by Browne (4) (5)  (6) (7). 
Flow propert ies  behind incident shock wave a re  shown in Figs. A. 2.1, 
A.2.4, A.2.7, A.2.10, A.2.14, for  gas  mixture  D; Figs.  A. 2.17, A. 2.20, 
A. 2.23, A. 2.26, A. 2. 30 for  gas  mixture  E; Figs .  A. 2. 33, A. 2. 36, A. 2. 39, 
A. 2.42, A. 2.46 for  gas mixture  F. 
Standing shock flow propert ies  are shown in  Figs .  A. 2. 2,  A. 2. 5, A. 2.8, 
A.2.11, A.2.15for  gas mixture  D; Figs.  A.2.18, A. 2.21, A.2.24, A.2.27, 
A. 2. 31 for  gas  mixture E; Figs.  A. 2. 34, A. 2. 37, A. 2.40, A. 2.43, A. 2.47 
for  gas  mixture  F. 
Stagnation enthalpy is shown in Fig. A. 2.12 for  gas  mixture  D; Fig. 
A. 2.28 fo r  gas  mixture E; Fig. A. 2.44 for  g a s  mixture  F. 
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1 
Reflected shock propert ies  a r e  shown in Figs.  A. 2. 3, A. 2.6, A. 2.9, 
A. 2. 13, A. 2.16 for  gas mixture D; Figs.  A. 2.19, A. 2.22, A. 2. 25, A. 2. 29, 
A. 2. 32 for gas mixture E; F i g s .  A. 2. 35, A. 2. 38, A.  2.41, A. 2.45, A. 2.48 
for gas mixture F. 
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Figure A. 1.9  P r e s s u r e  behind standing normal shock wave, 3yo co2 -97% N2 
32 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
~ 
3 
10 
2 
10 
10 2 0  30 
- 3  U, x 10 , f t lsec 
40 
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Figure A. 1.18 Enthalpy behind standing normal  shock wave, 370 C% -97% N2 
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Figure A. 1 .19  Stagnation enthalpy, 370 C 0 2  -9770 N 2  
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Figure  A. 1.20 Velocity behind incident shock wave, 370 C 0 2  -9770 N2 
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Figure A. 1.21 P r e s s u r e  behind incident shock wave, 9% CO2 -91% N2 
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Figure A. 1. 31 Enthalpy behind standing n o r m a l  shock wave, 970 C 0 2  -91% N2 
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Figure A. 1. 32 Stagnation enthalpy, 9% COz -91% N2 
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Figure A. 1. 36 Stagnation p r e s s u r e ,  2570 C 0 2  -7570 N2 
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Figure A. 1.44 Enthalpy behind standing no rma l  shock wave, 2570 CO2 -7570 N2 
67 
- 3  U x 10 , f t / s ec  
S 
F i g u r e  A. 1 . 4 5  Stagnation enthalpy, 2570 CO -7570 N2 2 
68 
10 20 30 
u x ft  / sec  
S 
40 
Figure A. 1 . 4 6  Velocity behind incident shock wave, 25% C 0 2  -75% N2 
69 
u x f t / sec  
S 
Figure A. 1.47 Specie particle density behind incident shock wave, 
9% C% -91% N2 
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Figure A. 1.48 Specie particle density behind incident shock wave, 
2570 C 0 2  -7570 N2 
71 
18  
10 
17 
10 
1 0 l 6  
12 
10 
u x l o m 3 ,  f t / s ec  
S 
Figure A. 1 .49  Stagnation point specie par t ic le  density, 9% COz -91% N2 
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Figure A. 1.50 Stagnation point specie particle density,  25% C 0 2  -757‘0 N2 
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Figure A. 2 . 3  P r e s s u r e  behind reflected shock wave, 6070 C 0 2  -4070 N 2  
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Figure A. 2.8 Density behind standing no rma l  shock wave, 6070 COz -4070N2 
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Figure A. 2 .9  Density behind ref lected shock wave, 6Oy0 C 0 2  -4070 N2 
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I Figure A. 2.17 P r e s s u r e  behind incident shock wave, 9% CO -6170 N 2  -3070 A 2 
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Figure A. 2.18 F r e s s u r e  behind standing normal  shock wave, 
970 CO2-6170 N2 -3070 A 
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Figure A. 2.19 P r e s s u r e  behind reflected shock wave, 97'0 C 0 2  -6170 % -307'0 A 
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Figure A. 2.21 Temperature  behind standing normal  shock wave, 
970 CO2 -6170 N2 -3070 A 
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Figure  A. 2 .22  Temperature  behind reflected shock wave, 9% C02 -61% N2 -3070 A 
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Figure A. 2.31 Velocity behind standing no rma l  shock wave, 
9% C02 -6170 N2 -3070 A 
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Figure  A. 2. 32 Velocity of reflected shock wave, 9% COz -61% N2 -3070 A 
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Figure  A. 2. 33 P r e s s u r e  behind incident shock wave, 6070 C02 -1O7oN 2-3070 A 
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Figure  A. 2 . 3 4  P r e s s u r e  behind standing normal shock wave, 
6070 C% -10% N2 -30 70 A 
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Figure A . 2 .  35 P r e s s u r e  Behind reflected shock wave, 60% co2-lo% 
N2 -3070 A 
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Figure A. 2.39 Density behind incident shock wave, 6070 C 0 2  -10% N 2-30% A 
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Figure A. 2.49 Specie par t ic le  density behind incident shock wave, 
P 1 = 0.1 mm Hg, 60% C0,-40% N2 
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Figure A. 2.50 Specie particle density behind incident shock wave, 
p = 1 mm Hg, 60% COz -4070 N2 
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Figure A. 2. 51 Specie par t ic le  density behind incident shock wave, 
P1 = 5 mm Hg, 6070 C 0 2  -4070 N 2  
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Figure  A. 2.52 Specie particle density behind incident shock wave 
P = 15 mm Hg, 6070 C0,-4070NN2 1 
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Figure A. 2.53  Specie particle density behind incident shock wave, 
P, = 1 mm Hg, 970 CO --6l% Nq-30?'o A 
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Figure A. 2.54 Specie particle density behind incident shock wave, 
P = 5 m m  Hg, 9% CO -6170 N 2  -3070 A 
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Figure A. 2.55 Specie par t ic le  density behind incident shock wave, 
130 
I 
m 
1 
I 
I 
I 
1 
10'8 
a 
8 .. 
2- IO 3 
IO I I 
Figure 
GAS COMPOS I T I ON 
co2 0.60 
N2 0. IO 
I I 0 2 
TI = 300°K  
PI = 1.0mm Hg 
z 24 26 28 
us x FTJSEC. 
A. 2.56 Specie particle density behind incident shock wave, 
P 1 = 1 m m  Hg, 60% CO , - lo% N2 -3070 A 
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Figure  A. 2.57 Specie par t ic le  density behind incident shock wave, 
P = 5 mm Hg, 60% CO -10% N - 3 0 %  A 
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